Thirty-one strains of Acinetobacter species, including type strains of the 18 genomic species and 13 clinical isolates, were compared by amplified ribosomal DNA restriction analysis (ARDRA), random amplified polymorphic DNA analysis (RAPD), and amplified fragment length polymorphism (AFLP) fingerprinting. ARDRA, performed with five different enzymes, showed low discriminatory power for differentiating Acinetobacter at the species and strain level. The standardized commercially available RAPD kit clearly enabled the discrimination of all Acinetobacter genomic species but showed great polymorphism between isolates of Acinetobacter baumannii. AFLP fingerprinting with radioactively as well as fluorescently labelled primers showed high discriminatory power for the identification of 18 Acinetobacter genomic species and typing of 13 clinical Acinetobacter isolates. Compared to radioactive AFLP, fluorescent AFLP was technically fast and simple to perform, and it permitted analysis with an automated DNA sequencer. Fluorescent AFLP seems particularly well suited for studying the epidemiology of nosocomial infections and outbreaks caused by Acinetobacter species.
Over the past 10 years, numerous outbreaks of nosocomial infections with Acinetobacter spp. have been reported, identifying Acinetobacter baumannii as the most predominant species involved. In hospitalized patients, Acinetobacter spp. frequently colonize the skin and upper respiratory tract and may cause various types of opportunistic infections (3) . Risk factors for acquisition of these organisms include prolonged hospital stay, serious underlying disease, intravascular and intravesical catheterization, and treatment with broad-spectrum antibiotics (21, 24, 27, 33) . Characteristics of Acinetobacter spp. may contribute to their epidemic behavior, such as the ability to acquire multiple antibiotic resistance (2) and the ability to survive on inanimate and dry surfaces for prolonged periods of time (13, 20, 37) . In order to understand the epidemiology of Acinetobacter spp. in hospitalized patients and in the hospital environment, accurate identification of members of the genus at the species level is important. Delineation of species within the genus Acinetobacter is still the subject of extensive research. DNA-DNA hybridization studies have resulted in the identification of at least 18 DNA groups (genomic species) (5, 6, 12, 30) . For strain typing, a number of genomic fingerprinting methods have been proposed. These include pulsed-field gel electrophoresis (14, 25) , ribotyping (9, 12, 25) , and PCR-based fingerprinting techniques such as random amplified polymorphic DNA analysis (RAPD) (15) , repetitive extragenic palindromic sequence-based PCR (26) , amplified ribosomal DNA restriction analysis (ARDRA) (35) , and RNA spacer fingerprinting (11) . A novel high-resolution genomic fingerprinting method, the amplified fragment length polymorphism (AFLP), has been shown to be applicable to a wide range of bacterial species including those of the genus Acinetobacter (10, 18, 19, 36) .
In the present study, two generally used DNA typing techniques were compared to the AFLP technique, and their applicability was studied for the identification of Acinetobacter at the genomic species level and of A. baumannii at the strain level.
MATERIALS AND METHODS
Bacterial strains. Eighteen different genomic species of Acinetobacter, as delineated by DNA-DNA hybridization, were studied (Table 1) (5, 6, 22, 30) . Thirteen clinical Acinetobacter isolates were collected from samples of 13 different patients. All these isolates were collected within a period of 14 years in five different hospitals in The Netherlands. Five of them (A-1 to A-5) belonged to a well-characterized outbreak on a surgical ward (21) . The other eight strains are epidemiologically unrelated; four of them (R-1, D-1, U-1, and E-1) are single isolates from larger outbreaks (7, 8) . All outbreak isolates have been characterized previously by antibiograms, cell envelope protein electrophoretic typing, and ribotyping (10, 21) . Presumptive identification of the 13 isolates was obtained by the analytical profile index procedure (API 20NE system; bioMérieux, Marcy l'Etoile, France). All strains were grown aerobically in Luria-Bertani medium (Difco Laboratories, Detroit, Mich.) and incubated in a rotary shaker at 37°C for 18 h. Bacterial strains were stored at Ϫ80°C in nutrient broth supplemented with 20% (wt/vol) glycerol.
DNA isolation. DNA was isolated as described previously (4) . Extracted DNA was resolved in 100 l of TE buffer (10 mM Tris, 1 mM EDTA [pH 8.0]) supplemented with 10 g of RNase (Sigma, St. Louis, Mo.). Purified DNA was aliquoted and stored at Ϫ20°C. DNA concentrations were estimated by agarose gel electrophoresis against diluted samples of DNA (New England Biolabs, Inc., Beverly, Mass.).
ARDRA. The ARDRA was performed as described previously (34) . Briefly, amplification reactions were performed in a final volume of 50 l containing 1.25 U of Taq polymerase, 100 M (each) deoxynucleoside triphosphates (dNTPs), and 0.2 M (each) primer in reaction buffer (1.5 mM MgCl 2 , 50 mM KCl in 10 mM Tris-HCl [pH 8.3] ). Amplification was performed in a GeneAmp PCR System 9600 thermal cycler (Perkin-Elmer). After initial denaturation at 95°C for 5 min, the reaction mixture was run through 35 cycles of denaturation at 95°C for 45 s, annealing at 50°C for 45 s, and extension at 72°C for 1 min followed by a 7-min extension period at 72°C. The primers used were 5ЈTGGCTCAGATTG AACGCTGGCGGC (5Ј end of 16S rRNA) and 5ЈTACCTTGTTACGACTTC ACCCCA (3Ј end of 16S rRNA) (23) . Amplified products of approximately 1,500 bp each were visualized by agarose gel electrophoresis after staining with ethidium bromide (50 g/ml). Amplified DNA (3 to 10 l) was digested for 1 h at 37°C in 20-l volumes of commercially supplied incubation buffer containing 5 U of restriction enzyme AluI (AGCT), CfoI (GCGC), MboI (GATC), MspI (CCGG), or RsaI (GTAC). Restriction was stopped by addition of 5 l of 5ϫ sample buffer (25% [wt/vol] glycerol, 0.5% [wt/vol] sodium dodecyl sulfate, 50 mM EDTA, 0.05% bromophenol blue). Restriction fragment patterns were separated by agarose gel electrophoresis at 150 V in 2ϫ Tris-borate-EDTA (TBE) buffer and visualized after being stained with ethidium bromide (50 ng/ml). Gels were photographed under UV illumination.
RAPD. The RAPD assay was performed as described previously (38) with the commercially available Ready-To-Go RAPD analysis kit (Pharmacia Biotech, Uppsala, Sweden). This product contains a RAPD Analysis Primer Set and ReadyTo-Go RAPD Analysis Beads with thermostable polymerases (AmpliTAQ and Stoffel fragment), lyophilized buffer (10 mM Tris, 30 mM KCl, 3 mM MgCl 2 [pH 8.3] in a 25-l reaction volume), dNTPs (0.4 mM [each] in a 25-l reaction volume), and bovine serum albumin (2.5 g). Briefly, DNA was amplified by addition of 25 pmol of primer, H 2 O to a final volume of 25 l, and one RAPD analysis bead to 10 ng of template DNA. The mixtures were subjected to 45 cycles of amplification (95°C for 60 s, 36°C for 60 s, and 72°C for 120 s for each cycle) with an initial incubation step at 95°C for 5 min, in a GeneAmp PCR System 9600 thermocycler (Perkin-Elmer). The six primers (RAPD Analysis Primer Set) used were AP1 (5ЈGGTGCGGGAA3Ј), AP2 (5ЈGTTTCGCTCC3Ј), AP3 (5ЈGTAGACCCGT3Ј), AP4 (5ЈAAGAGCCCGT3Ј), AP5 (5ЈAACGCGCAAC 3Ј), and AP6 (5ЈCCCGTCAGCA3Ј) (1) . Amplified fragments were separated by agarose gel electrophoresis at 150 V in 0.5ϫ TBE buffer and were visualized after staining with ethidium bromide (10 g/ml). Gels were photographed under UV illumination. The negative control contained all components except template DNA. Escherichia coli C1a DNA (Pharmacia Biotech) was used as a positive control.
AFLP. All procedures relating to the preparation of AFLP templates were performed essentially as described by Janssen et al. (18) and Vos et al. (36) .
Briefly, purified chromosomal DNA (50 ng) was digested with 1 U of EcoRI (Pharmacia LKB Biotechnology, Uppsala, Sweden) and 1 U of MseI (New England Biolabs, Inc.). The EcoRI adapter was prepared by mixing equimolar amounts of the oligonucleotide sequences 5ЈCTCGTAGACTGCGTACC3Ј and 5ЈAATTGGTACGCAGTC3Ј, which were heated until 65°C and slowly cooled to room temperature. Preparation of the MseI adapter was performed in the same manner by using the sequences 5ЈGACGATGAGTCCTGAG3Ј and 5ЈTACTC AGGACTCATC3Ј. Ligation of adapters to the restriction fragments was performed overnight at 20°C in a final volume of 30 l. The ligation mixture consisted of 50 ng of chromosomal DNA, 50 pmol (each) EcoRI and MseI adapter, 1.2 U of T4 DNA ligase (Pharmacia LKB Biotechnology), 1 mM ATP, and ligase buffer (10 mM Tris-acetate [pH 7.5], 10 mM magnesium acetate, 50 mM potassium acetate, 5 mM dithiothreitol, 50 ng of bovine serum albumin per l). After ligation, the DNA was diluted with distilled water to a final volume of 500 l and stored at Ϫ20°C until use.
AFLP reactions with radioactively labelled primers. AFLP reactions with radioactively labelled primers were performed as described previously (21) .
AFLP reactions with fluorescently labelled primers. A Texas Red fluorescently labelled EcoA primer (Isogen Bioscience BV, Maarssen, The Netherlands) was used for DNA amplification in 10 l of a reaction mixture containing 0.5 ng of template DNA, 20 ng of labelled Eco primer, 1 l of 2 mM dNTPs, 60 ng of unlabelled MseC primer, 1 U of Taq polymerase (Perkin-Elmer) in 10 mM Tris-HCl (pH 8.3), 50 mM KCl, and 1.5 mM MgCl 2 . Amplification was performed in a GeneAmp PCR System 9600 thermal cycler (Perkin-Elmer) for 35 cycles of denaturation (30 s at 94°C), annealing (30 s at 65 to 56°C), and DNA molecule extension (60 s at 72°C). In the first 12 cycles, the annealing temperature was lowered by 0.7°C per cycle. After completion of the cycle program, 3 l of loading buffer (Amersham Life Science, Cleveland, Ohio) was added to the reaction mixtures. Prior to gel loading, the amplicons were denatured by heating for 1 min at 95°C and rapid cooling on ice. Fluorescent amplified fragments were separated on a denaturing polyacrylamide gel (RapidGel-XL-6%; Amersham Life Science) in 1ϫ TBE buffer (100 mM Tris, 100 mM boric acid, 2 mM EDTA [pH 8 .0], 6 M urea) according to the manufacturer's instructions in a Vistra 725 automated DNA sequencer (Amersham Life Science). A 2-l sample of each reaction mixture was loaded on the gel. Gels were run at 1,500 V for 6 h. Densitometric scanning and data processing. ARDRA and RAPD photographs as well as AFLP autoradiograms were scanned with a densitoscanner (Scanjet 4C; Hewlett-Packard, Bracknell, United Kingdom), and images were stored as tagged image file format files with Deskscan II version 2.3 (HewlettPackard). Fluorescently labelled AFLP fingerprints were analyzed on the Vistra 725 DNA sequencer and stored as tagged image file format files with the Vistra 2 Tiff software (Amersham). Both types of images were processed with GelCompar 3.1 software (Applied Maths, Kortrijk, Belgium). Following conversion, normalization, and background subtraction with mathematical algorithms, levels of similarity between fingerprints were calculated with the Pearson product moment correlation coefficient (r). Cluster analysis was performed with the unweighted pair group method using average linkages (UPGMA).
RESULTS
ARDRA genomic typing. The 16S rRNA gene of each of the 31 Acinetobacter strains was amplified and restricted with the enzymes AluI, CfoI, MboI, MspI, and RsaI. This resulted in five separate restriction patterns for each strain. The five patterns were digitized and subsequently combined in one overall pattern in one single analysis. Each enzyme generated up to 10 fragments per strain. The cumulative DNA patterns yielded a maximum of approximately 50 bands per strain which were subjected to cluster analysis. ARDRA could not distinguish the 18 different Acinetobacter genomic species because all the strains were clustered within a broad range of linkage levels between 37 and 88%. Two strains were linked below the 40% level, whereas several other strains showed almost identical restriction patterns resulting in clustering at high correlation levels (Fig. 1) .
ARDRA strain typing. Analysis of the 13 clinical isolates showed that all the strains except one clustered with the A. baumannii type strain (ATCC 19606) at a linkage level of 78%. Table 1 is shown on the right. Strain 24 (HK 74) was linked to DNA group 3 (ATCC 19004) at a level of 87%. The five Amsterdam outbreak isolates (A-1 to A-5) and three epidemiologically unrelated strains, 25, 26, and 28, showed a similarity of 82%.
Analysis of combined clustering results of genomic strains and clinical isolates showed a clear overlap in linkage levels, indicating low discriminatory power for the method. Omission of any one of the restriction enzyme patterns from the overall ARDRA pattern further decreased the discriminatory power (data not shown).
RAPD genomic typing. The 31 Acinetobacter strains were subjected to six PCRs with different primers individually present in the RAPD kit. With each primer, different PCR fingerprints of up to seven amplified fragments were generated. For each strain, all the bands obtained in the six RAPD assays were digitized and combined for cluster analysis (Fig. 2) . Overall, RAPD was able to discriminate the 18 different Acinetobacter genomic isolates with similarity levels of 48% or lower.
RAPD strain typing. Analysis of RAPD profiles of the 13 clinical isolates showed that all of them were allocated to the type strain of A. baumannii (ATCC 19606) at a correlation level of only 26%. This level increased in analysis of a separate gel with RAPD patterns of clinical isolates and the type strain of A. baumannii (data not shown). Five strains from the outbreak in Amsterdam and two unrelated isolates, 26 and 28, were linked at an average similarity of 75%. This group of seven strains was clearly separated from the other clinical Acinetobacter isolates.
The RAPD strain typing of the 13 clinical isolates has been performed by using all six primers which were enclosed in the RAPD kit. We investigated the minimal number of primers needed to obtain the same results as with the full set of six primers. These results showed that at least five different primers are needed for optimal RAPD fingerprinting.
AFLP genomic typing. AFLP fingerprinting with radioactively labelled primers was compared to AFLP with fluorescently labelled primers. Cluster analysis of both methods gave comparable results (Fig. 3 and 4) . The 18 genomic species were clearly distinguishable at correlation levels of 41 and 50% for the radioactive and fluorescent AFLP patterns, respectively. AFLP strain typing. Among the 13 clinical isolates, both AFLP methods clustered 12 strains with A. baumannii at cor- Table  1 is shown on the right. relation levels of 55 and 57%; strain 24 (HK 74) was clustered with Acinetobacter DNA group 3 (ATCC 19004). All five outbreak-related A. baumannii strains from Amsterdam and two epidemiologically unrelated strains (26 and 28) were clustered within one group at a cutoff value of 85% for the radioactive AFLP versus 87% for the fluorescent AFLP.
DISCUSSION
Discrimination of Acinetobacter at the species and strain level has been performed by a variety of phenotypic and genomic techniques. During the last decade, a number of PCR fingerprinting methods such as RAPD (15, 27) , repetitive extragenic palindromic sequence-based PCR (26), ARDRA (37), RNA spacer fingerprinting (12) , and 16S ribosomal DNA sequence analysis (17) have been found to be useful for typing clinical strains of Acinetobacter species. Recently, AFLP fingerprinting was shown to be a sensitive method for the identification of Acinetobacter genomic species (19) . In the present study, we evaluated the discriminatory power of ARDRA, RAPD, and AFLP fingerprinting for the identification of Acinetobacter isolates by using a set of well-characterized strains. In addition, 13 clinical isolates, including five strains from one outbreak (A-1 to A-5), were used to compare the usefulness of the three genomic techniques for strain typing of Acinetobacter species.
ARDRA fingerprinting could not distinguish the 18 genomic species at low cutoff levels (Ͻ50%), in contrast to RAPD and AFLP. Only two strains (16 and 17) could be discriminated with linkage levels below 40%. Eight of the genomic species which were clustered in three different groups (4, 6, and 7; 5, 13, and 18; 9 and 10) could not be identified because linkage levels were above 80%. In the study of Vaneechoutte et al. (35) , ARDRA was not able to identify six of these eight genomic species, namely, strains 4 and 7, 5 and 18, and 9 and 10, which is slightly better than our findings. This difference is most likely due to the computerized analysis of the ARDRA patterns instead of visual comparison of the patterns as performed by Vaneechoutte et al. Identification of the 13 clinical isolates was similar for ARDRA and AFLP, which identified 12 strains as A. baumannii and 1 as DNA group 3. Biotyping of all these strains, however, identified all 13 strains as A. baumannii. This difference was not surprising, since identification by use of biochemical tests does not differentiate the closely related DNA groups 1, 2, 3, and 13 (the Acinetobacter calcoaceticus-A. baumannii complex) (12) .
The RAPD technique is being used increasingly in many laboratories for epidemiologic typing of a wide range of microorganisms including Acinetobacter (15, 27) . Although the RAPD technique offers the advantages of simplicity and rapidity, a lack of reproducibility has been reported due to its high susceptibility to variation by primer and DNA concentration, DNA template quality, gel electrophoresis, and the type of DNA polymerase (31, 33) . To overcome some of these problems, we used standardized concentrations of purified genomic DNA and a standardized RAPD kit. Besides the good discrim- Table 1 is shown on the right. ination of the 18 Acinetobacter genomic species with linkage levels below 50%, RAPD identification clustered the 13 clinical isolates with A. baumannii at a low cutoff level (Ͻ50%). However, a higher linkage level was obtained when separate gel analysis of RAPD patterns of only the clinical isolates in combination with the type strain of A. baumannii was performed. All strains were typeable by RAPD, and analysis of all possible RAPD pattern combinations showed that at least five primers were necessary to amplify enough fragments to obtain the same clustering of isolates. This indicates that one cannot speed up or perform cheaper RAPD fingerprinting by using a smaller number of primers. It is possible that the number of primers for RAPD typing can be reduced by using other primers (e.g., ERIC 1 and ERIC 2); however, it is obvious that several primers will be necessary to obtain high discriminatory power for RAPD analysis.
AFLP, a novel PCR-mediated DNA fingerprinting method, was first described in 1993 (39) . It can be used for characterizations and comparisons of any DNA, irrespective of its origin or complexity (18, 36, 39) . AFLP genotyping has been used for a number of different bacterial species including Acinetobacter (16, 18, 19) . The AFLP has several advantages compared to various other typing methods, including discriminatory power, flexibility, reproducibility, and production of clear banding patterns suitable for computerized analysis. In this study, the level of AFLP reproducibility was determined by performing duplicate radioactive AFLP fingerprinting of all Acinetobacter genomic strains, which yielded homologous patterns (data not shown). Both AFLP and RAPD fingerprinting could clearly distinguish all the 18 Acinetobacter genomic species with linkage levels below 50%, in contrast to ARDRA. In a previous study, radioactive AFLP also was found to be a good method for the identification of Acinetobacter at the genomic level (19) . Use of radioactive compounds, however, is laborious and expensive and needs special laboratory equipment and protection. Therefore, we investigated AFLP fingerprinting with the use of fluorescently labelled primers in an automated sequence apparatus. Despite differences in PCR volume, PCR program, thermocycler, and detection techniques, cluster analysis of radioactively and fluorescently labelled AFLP patterns showed comparable clustering of the different Acinetobacter strains with minimal differences in correlation levels. These results show that fluorescently labelled AFLP fingerprinting, in combination with direct analysis of patterns by use of an automated DNA sequencer, is an excellent alternative to radioactive AFLP.
Comparison of typing results with epidemiologic data for the clinical isolates gave concordant results for all three DNA fingerprinting methods. Outbreak strains were clearly discriminated although clustered with two or three unrelated strains, which suggests a clonal origin. This indicates that all three methods are useful to delineate outbreaks of nosocomial A. baumannii.
In this study, evaluation of different genomic fingerprinting methods was performed by computerized comparison of digitized fingerprinting patterns instead of visual comparison. Data analysis by computer offers the possibility of comparison of large numbers of patterns, formation of databases, and cluster analysis. ARDRA and RAPD photographs as well as AFLP autoradiograms had to be scanned, whereas fluorescently labelled AFLP fingerprints could be directly an- Table 1 is shown on the right. lines concerning visual comparison and interpretation of chromosomal DNA restriction patterns produced by pulsed-field gel electrophoresis for bacterial strain typing (28) . Supplementary guidelines for interpretation of cluster analysis data to identify and differentiate bacterial strains may be necessary in the near future, as computer-based image acquisition and analysis become more and more widely available in clinical laboratories.
In summary, the results of this study demonstrate that ARDRA has low discriminatory power for differentiating Acinetobacter at the species and strain level. The commercially available RAPD kit enabled the discrimination of Acinetobacter genomic species but showed great polymorphism between isolates of A. baumannii. This technique, however, seems to be useful for a rapid identification of outbreak-related strains in a routine clinical microbiology laboratory. The radioactive and fluorescent AFLP fingerprinting methods showed high discriminatory power for the identification of 18 Acinetobacter genomic species and typing of 13 clinical Acinetobacter isolates. Compared to radioactive AFLP, fluorescent AFLP is technically faster and simpler, and analysis is more accurate since scanning of the fingerprints for computerized analysis is not necessary. Therefore, fluorescent AFLP seems particularly well suited to the study of the epidemiology of nosocomial infections and outbreaks caused by Acinetobacter species.
